Тhe paper presents results of the investigation of the influence of extrusion tempera-
INTRODUCTION
Over fifty countries all over the world cultivate linseed (Linum usitatissimum) as a commercial plant (1) (2) (3) . It has been considered the third most productive oil crop, after sunflower and winter oilseed rape (4, 5) . It yields seeds whose maturity occurs 30-60 days after flowering, and which are a rich source of both edible and non-edible oils (6, 7) . In addition to a large amount of oil, linseed contains approximately 20-30% of crude protein (1, 8) . Although linseed oil is mostly used in chemical industry, there has been a growing interest in its usage as a food or feed, due to the high concentration of linoleic (LA, 18:2, n-6) and especially α-linolenic acid (ALA, 18:3, n-3), representatives of omega-6 (n-6) and omega-3 (n-3) polyunsaturated fatty acids (PUFAs) (9, 10) . Moreover, linseed is the richest oilseed source of ALA (11) . Cereals and oilseeds, or meals commonly used in animal diet predominantly contain low level of n-3 FAs (12) . Therefore, intensive inclusion of linseed in animal nutrition could have significant role in the improvement of FA composition of feed.
The main limitation in the exploitation of linseed as a nutrient lies in the presence of antinutritive components, which are cyanogenic glycosides (CGs) and antivitamin B6 (linatine). Negative effect of antivitamin B6 can be eliminated by adding vitamin B6 to the diet (13), which cannot be said for CGs. CGs may be defined chemically as glycosides of the α-hydroxynitriles, and are secondary metabolites produced by plants. They are amino acid-derived plant constituents (14) . The reason for their toxicity is the release of hydrogen cyanide (HCN) due to the action of a β-glucosidase enzyme (oxynitrilase), thus their level in food or feed is expressed through the content of HCN (mg) per kg of examined material.
Different heat treatments, such as autoclaving, pelleting, extrusion or microwave roasting are commonly used to reduce the content of CGs (15) (16) (17) . Dry heating is not recommended because the detoxification is based only on deactivation of glucosidase. Consequently, CGs can be synthesised again after entering into animal gut, and HCN can be released under the action of enzymes of intestinal microflora. High temperature in combination with moisture intensifies the hydrolysis of CGs, which results in intensive removal of HCN (15) . Extrusion has been considered a suitable process for the removal of HCN from the material, because it combines a number of different processes: grinding, mixing, heating under high pressure in the presence of moisture, friction and shearing. However, the extrusion of oilseeds, such as linseed, is difficult achieve due to the lubrication and limited expansion of the produced extrudates. Another disadvantage which is the separation of the oil from the solid phase, thereby changing the nutritional composition of produced extrudate, as is the case with the extrusion (17) . In order to overcome the aforementioned problem, oil crops are often added to another raw material, usually a protein component, which shows good ability of oil adsorption, such as pea or sunflower meal (18) (19) (20) .
Bearing in mind all the above, the aim of the present study was to find out how extrusion parameters affect temperature changes in the extruder barrel, and furthermore to examine the influence of the process temperature on reduction of CGs in linseed-sunflower meal co-extrudate. Since the presence of moisture highly influences CGs decomposition, three levels of moisture content of starting material were applied.
EXPERIMENTAL Material
Linseed and sunflower meal used for production of co-extrudate originated from Serbia. Linseed indigenous sort "Ljupko" was cultivated in the valley of the river Beli Timok (South-Eastern Serbia). Before processing, linseed was cleaned and impurities were removed. Sunflower meal was produced in the local oil factory in Vojvodina (northern Serbian province), and it contained approximately 38% of protein expressed on dry matter (d.m.).
Extrusion process
All materials were milled on a laboratory hammer mill (ABC Engineering, Serbia) with sieve openings of 4 mm. The two components were mixed in 50:50 (w/w) ratio in double-shaft paddle mixer -steam conditioner (Muyang SLHSJ0.2A, China). Water and steam were added into material during conditioning, in order to adjust the initial moisture content of the mixture at a desired level. Extrusion of the mixture was done on a single screw extruder (OEE 8, AMANDUS KAHL GmbH & Co., KG Germany), with the L/D ratio 8.5:1. The extrusion parameters were set according to the levels determined in the applied experimental design. The extruded product was dried in a fluid bed dryer/cooler (FB 500x200, AMANDUS KAHL GmbH & Co., KG Germany) for 10 minutes at the temperature of 25 o C, and a material flow rate of 18 kg/h.
Determination of HCN in the co-extrudate
The determination of HCN was performed according to AOAC official method 915.03, part B, (alkaline titration method). Silver nitrate (AgNO 3 ) standard solution was used for titration. The volume of AgNO 3 standard solution consumed during the titration was recorded (21) . Equation (1) was used to calculate the HCN content in the sample:
where X is the content of cyanide (including HCN) in the sample (mg/kg); m is the mass of the sample (g); C is the concentration of the AgNO 3 standard solution (mol/L); and V is the consumed volume of the AgNO 3 standard solution (mL). All measurements were done in triplicate.
Experimental design, temperature measurement and statistical analysis
The effects of the following extrusion parameters on the temperature in the extruder barrel were examined: extrusion screw speed, moisture content of the starting mixture, feeding rate and total area of the die openings. The experiment was planned according to the Box-Behnken experimental design. The levels of independent parameters applied in the experiment are shown in Table 1 . For monitoring the temperature in the extruder barrel, temperature contact sensors were used (produced by the Institute of Microelectronic Technologies and Single Crystals, Serbia). Temperature was monitored at the point just next to the die, at the end of the extruder barrel in seven replications.
STATISTICA software version 12 (Statsoft, Tulsa, OK, USA) was used to analyze variations (analysis of variance -ANOVA) and for Tukey's HSD comparison of the means of measured temperatures and HCN content in the co-extrudates. Differences among means with the probability p ≤ 0.05 were accepted as indicators of statistically significant differrences, and the differences among means with 0.05 ≤ p ≤ 0.10 were accepted as indicators of differentiating tendencies.
RESULTS AND DISCUSSION
The single screw extruder which was used in the experiment did not have the possibility of setting the temperature at a specific value. Thus, other extrusion parameters were varied, which indirectly affected the working temperature. Table 2 shows all temperatures measured in the experiment. As it can be seen, the process temperature ranged from 52.82 to 116.02 o C. Table 2 . Influence of extrusion parameters on the temperature in the extruder barrel
As it is evident from the obtained results, the increase in the moisture content in the starting material resulted in a decrease of the temperature in the extruder barrel (Fig. 1 a) , which was caused by lowering the viscosity of the material and its fast passage through the barrel of the extruder. The same trend was observed in the work of Abecassis et al. (1994). According to their results, the increased moisture content of materials lowered the temperature, especially at the exit of the extruder barrel, while the effect was slightly lower in the extruder zone close to the entrance (22) . On the other hand, the increase of the extrusion screw speed increased the temperature, which was expected, since the increase in the extrusion screw speed influences intensification of the forces of shearing, torsion and friction, and consequently increase the working temperature (Fig. 1 b) . The highest working temperatures at the constant intermediate levels of feeding rate and moisture content were achieved at the moisture content of 7% and extrusion screw speed of 540 rpm. The lowest temperatures in the extruder barrel were achieved at the highest moisture content of 16% and the minimum feeding rate. In this case, the material remained shortly in the extruder and easily passed through the matrix, due to the compaction of the material and absence of the accumulation. Hence, the measured temperatures were low.
As already mentioned, high temperature in combination with the presence of moisture is the most important factor for the hydrolysis of CGs. Some authors have even reported that dry heat processing did not change the HCN content (23) . This could be due to the fact that HCN formed after CGs hydrolysis remains in the linseed and its products, or deactivated glucosidase in the plant tissue could be replaced by the glucosidase formed by gut microflora (24) . Effective linseed processing requires more than CGs hydrolysis and deactivation of glucosidase alone. Beneficial effects of the increased temperature combined with moisture remove permanently HCN from the material by evaporation (15, 18 Influence of temperature on the HCN content in the co-extrudate at a constant moisture content of the starting material: 7% (A), 11.5% (B) and 16% (C) Figure 2 shows the changes in the HCN content with increase in the temperature at the same level of moisture content of the starting material. The HCN content ranged from 50.99 to 126 mg/kg at the moisture content of 7%, from 25.42 to 98.46 mg/kg at the moisture content of 11.5%, and from 83.69 to 97 mg/kg at the moisture content of 16%.
Based on the obtained results it can be concluded that the HCN content decreased with the increase in temperature at constant moisture content. However, if we compare the results for the different moisture contents, no regularity can be seen. The reason for that could be that the other process parameters (pressure, friction, milling, etc.) influenced the CGs reduction. It also seems that the influences of temperature and moisture content of the material are equally important for the hydrolysis of CGs. Extrusion is considered to be very suitable for detoxification of linseed because of the simultaneous effect of several factors on the CGs. Milling and heating of the material in the presence of moisture accelerates the process of hydrolysis and the formation of HCN. After the decrease in the operating pressure at the exit of the material from the barrel of the extruder, the acid formed evaporates rapidly together with water. At the same time, the high pressure in the extruder barrel destroys molecules CGs, thereby preventing the release of HCN (15, 18) .
CONCLUSION
The present study demonstrated how the temperature and content of moisture reduce the content of CGs in linseed-based product during the extrusion process. The highest HCN content in the experiment (126 mg/kg) was recorded at the lowest moisture content of the starting material (7%) and temperature of 116.02 o C, while the lowest content of HCN (25.42 mg/kg) was measured at the moisture content of 11% and temperature of 70.2 o C. It was found that the increase in the temperature decreased the HCN content, and that increased moisture content positively affected the HCN reduction. However, the effectiveness of the HCN reduction varied depending on several process factors. Since extrusion is a complex process, the impacts of individual factors cannot be considered independently from the influence of other process parameters.
